We report periodic spin-polarized density functional theory (DFT) predictions of hydrogen adsorption, absorption, dissolution, and diffusion energetics on and in ferromagnetic (FM) body-centered cubic (bcc) iron. We find that H prefers to stay on the Fe surface instead of subsurfaces or in bulk. Hydrogen dissolution in bulk Fe is predicted to be endothermic, with hydrogen occupying tetrahedral (t) sites over a wide range of concentrations. This is consistent with the known low solubility of H in pure Fe. In the initial absorption step, we predict that H occupies the deep subsurface t-site for Fe(110) and the shallow subsurface t-site for Fe(100). Diffusion of H into Fe subsurfaces is predicted to have a much lower barrier for Fe(100) than Fe(110). For H diffusion in bulk Fe, we find that H diffuses through bcc Fe not via a straight line trajectory, but rather hops from one t-site to a neighboring t-site by a curved path. Moreover, we exclude a previously suggested path via the octahedral site, due to its higher barrier and the rank of the saddle point. Quantum effects on H diffusion through bulk Fe are discussed.
I. INTRODUCTION
Hydrogen can greatly change the mechanical properties of structural metals and alloys and therefore cause material failure. 1, 2 Various mechanisms have been proposed to explain the H-induced embrittlement (HIE) of steels. 3 However, because of its complexity, HIE remains an unsolved problem. 4 Information about the atomic events occurring during H embrittlement are critical to understanding and modeling environmentally induced fracture, and ultimately may help suggest engineering solutions.
Iron or steel can absorb hydrogen during production, processing, and/or service. Many of those processes will produce adsorbed atomic hydrogen on Fe surfaces, which precedes the entry of hydrogen into the bulk. Fe(110) and Fe(100) are the two most stable low-index surfaces of Fe (lowest surface energy). Recently, 5 we systematically studied with density functional theory (DFT) the adsorption of H on Fe(110) as a function of coverage; DFT predicts H to prefer the quasithreefold site on Fe(110), in agreement with lowenergy electron diffraction (LEED) experiments. 6 Highresolution electron energy-loss spectroscopy (HREELS) measurements indicate that H prefers the fourfold site on Fe(100), 7 in agreement with early Hartree-Fock cluster predictions by Walch. 8 However, this cluster work predicted the twofold site to be ϳ1.25 eV higher in energy than the fourfold site, contradicting recent periodic DFT-GGA (generalized gradient approximation) calculations by Eder, Terakura, and Hafner. 9 They predicted H to prefer the twofold site on Fe(100), with the fourfold site only slightly less stable. We will use a different DFT approach here to revisit H on Fe(100), given the discrepancy between experimentally inferred and earlier DFT site preferences.
Chemisorbed H atoms on Fe surfaces can diffuse into the subsurface layers and then further into bulk Fe. Experimental work on H penetration has been done on Fe films, but not on specific crystal faces. Here we compare penetration pathways of H into Fe(110) and Fe(100).
After H is absorbed into bulk Fe, the next issue is where H atoms reside in the metal lattice. Due to the low solubility and high mobility of hydrogen in iron and the high probability of trapping at defect sites at low temperatures, little direct evidence for the site occupancy exists. Indirect evidence indicates that H resides in the tetrahedral (t) site of bodycentered cubic (bcc) Fe. 10 However, conflicting theoretical predictions of both site preferences and the direction of charge transfer have been reported. Geometrical factors, 11 lattice relaxations, 12 and electronic arguments 13 have been invoked to explain the site preference of H in bulk transition metals, though no universal theory can explain all cases.
In 1982, Nørskov found the t-site to be preferable, using the semiempirical effective medium theory (EMT), 14 without allowing lattice relaxation. In 1984, using EMT, but also including lattice relaxations and a quantum mechanical treatment of the atomic motion of the H impurity, Puska and Nieminen 15 found the octahedral (o) site and t-site to be almost degenerate in energy. Semiempirical extended Hückel (EH) studies by Companion and Liu 16 (in 1985 , with H in a rigid Fe cluster), Minot and Demangeat 17 (in 1987, with a rigid periodic crystal), and Juan and Hoffmann 18 (in 1999, with a periodic crystal and allowing just a breathing mode for the first Fe neighbors of H for lattice relaxation) predicted that H prefers the t-site over the o-site. By contrast, in 1989, Gong, Zeng, and Zheng 19 found that H prefers the o-site by 0.11 eV over the t-site, using the spin-polarized X␣ method within a rigid cluster-in-cluster model. As for charge transfer, Minot and Demangeat predicted the direction to be from H to Fe, while Juan and Hoffmann found ϳ0.4 e charge transfer from Fe to H. Gong, Zeng, and Zheng found ϳ0.12 e and ϳ0.16 e transferred from Fe to t-site H and o-site H, respectively. In 2002, Miwa and Fukumoto 20 employed DFT-GGA with ultrasoft pseudopotentials (USPP). 21 Using a Fe 16 H supercell with the cell shape and volume fixed at the value predicted for bulk bcc Fe ͑2.851 Å͒, they found the t-site ϳ0.18 eV more stable than the o-site after ionic relaxation. All work mentioned above only explored one or two concentrations of H in Fe and most of them used less than 20 Fe atoms in the model, corresponding to a concentration of H that is far too high. The solubility of H in Fe is very small (0.01 at.% at 1000 K and less than 3 ϫ 10 −6 at.% at room temperature 22 ). Therefore, it is critical to examine the concentration (or cell-size) convergence of properties to find a suitable concentration that realistically simulates H in Fe; this was lacking in previous studies and is one focus in the present work.
What distinguishes H from other deleterious impurities in transition metals is its high mobility. At room temperature, the diffusivity of H in pure bcc iron is about 1.0 ϫ 10 −4 cm 2 s −1 , compared to 1.0ϫ 10 −16 cm 2 s −1 for carbon and nitrogen. 23 Whether or not HIE happens by accumulation of gaseous hydrogen, formation of hydrides, localized plastic deformation, or reduction of cohesion, all of these postulated mechanisms 3 are enabled by the high diffusivity of hydrogen. In principle, quantum tunneling could also contribute to H's high diffusivity in bcc Fe. Extensive experimental investigations of H diffusion have been carried out on various irons and steels. 24 However, direct evidence of the diffusion path is still lacking due to inherent limitations in spatial and time resolution of experimental techniques, which do not permit probing of individual reactive events in solids (not to mention the difficulty associated with probing a transition state in condensed matter). Periodic DFT coupled with a solid-state transition-state search algorithm provides a way to study the atomic mechanism of solid-state diffusion. The success of such studies [25] [26] [27] [28] on other materials encourages us to work on hydrogen diffusion into and through iron.
In this work, we use periodic DFT to investigate site preferences for H on Fe(100), in Fe(110) and Fe(100) subsurfaces, and in bulk Fe. We then go on to investigate how H diffuses into Fe(110) and Fe(100) subsurfaces. Next, we identify the nature of the classical, thermally activated path H takes to diffuse in bcc Fe. The rest of the paper is organized as follows. Section II describes the theoretical method employed, Sec. III presents the results and discussion, and Sec. IV provides a summary and conclusions.
II. THEORETICAL METHOD
We performed DFT 29, 30 calculations within the generalized gradient approximation of the PBE form 31 for electron exchange and correlation, using the Vienna Ab Initio Simulation Package. [32] [33] [34] Here we employed Blöchl's projectoraugmented wave (PAW) method, 35 as implemented by Kresse and Joubert. 36 The PAW method is an all-electron DFT technique (within the frozen-core approximation) with the computational efficiency of pseudopotential techniques. We tested k-point sampling and kinetic energy cutoff convergence for all supercells. As a result of the convergence tests, we use a kinetic energy cutoff of 350 eV for all calculations. Structural relaxations were performed until forces on each atom were below 0.01 eV/ Å. Using a 15ϫ 15ϫ 15 k-point mesh for the primitive cell, we obtain for bcc Fe a lattice constant of 2.834 Å, a bulk modulus of 174 GPa, a local magnetic moment of 2.20 B , which agree very well with experiment 37 and previous DFT-GGA-FLAPW results. 38 For the study of H / Fe͑110͒, we use a p͑2 ϫ 2͒ surface cell and a k-point sampling of 7 ϫ 7 ϫ 1. For H / Fe͑110͒, we use a k-point sampling of 12ϫ 12ϫ 1, 6 ϫ 6 ϫ 1, and 4 ϫ 4 ϫ 1 for the p͑1 ϫ 1͒ (for 1.0 ML coverage), p͑2 ϫ 2͒ (for 0.25 ML coverage), and p͑3 ϫ 3͒ (for 0.11 ML) surface cell, respectively. When modeling Fe(110), we use seven layers of Fe atoms, with the bottom four layers fixed at their bulk positions; when modeling Fe(100), we use five layers of Fe atoms, with the bottom three layers fixed at their bulk positions. We use a 10 Å thick vacuum layer for both Fe(110) and Fe(100). We allow the H layer, together with the top three layers of the Fe(110) slab or the top two layers of the Fe(100) slab, to relax. For the more open Fe(100) surface, allowing one more Fe layer (the middle layer) to relax only causes a 5 meV change in total energy; therefore, the original number of layers allowed to relax should be sufficient. For all the subsurface calculations, we use 0.25 ML of H for both Fe(110) and Fe(100).
For H in bulk Fe calculations, we use a k-point sampling of 12ϫ 12ϫ 12, 6 ϫ 6 ϫ 6, 4 ϫ 4 ϫ 4, and 2 ϫ 2 ϫ 2 for Fe 2 , Fe 16 , Fe 54 , and Fe 128 , respectively, which converges the dissolution energy to within 0.03 eV for each (unrelaxed) cell. The first-order Methfessel-Paxton method 39 is used for the Fermi-surface smearing in order to obtain accurate forces, and a smearing width of 0.1 eV is chosen such that the error in the extrapolated energy at 0 K is less than 1 meV/ atom. Both the cell-shape and atomic positions in bulk cells are allowed to relax.
The dissolution energy of hydrogen atoms in bulk Fe, the adsorption energy of hydrogen atoms on Fe surfaces, and the absorption energy into Fe subsurface sites are defined in the same manner, as given in Eq. (1).
Here all energies are referenced to the gaseous hydrogen molecule and pure Fe. The first term on the right-hand side is the total energy of the supercell that includes n Fe atoms and 1 H atom; the second term is the total energy of the supercell that consists of n Fe atoms. The first two terms are calculated with the same parameters (k-point sampling, energy cutoff, etc.). The third term is half the total energy of the hydrogen molecule, which is calculated by putting H 2 in a cubic box with 10 Å sides and carrying out a ⌫-point calculation. We obtain for H 2 a bond length of 0.750 Å, a vibrational frequency of 4300 cm −1 , and a binding energy ͑D e ͒ of 4.54 eV, which are almost identical to previous GGA results 40 42 is used to locate the minimum energy paths (MEPs) and the transition states for diffusion of H into Fe from Fe(110) and Fe(100) [using the surface p͑2 ϫ 2͒ cell] and for diffusion of H in bulk Fe (using the Fe 128 supercell). The NEB method 43 is a reliable way to find the MEP, when the initial and final states of a process are known. An interpolated chain of configurations (images) between the initial and final positions is connected by springs and relaxed simultaneously to the minimum energy path (MEP). With the climbing image scheme, the highest-energy image climbs uphill to the saddle point. When we use the CI-NEB method in this study, all the images are relaxed until the maximum force acting on an atom is less than 0.01 eV/ Å. The ranks of the saddle points are determined by diagonalizing a finite difference construction of the Hessian matrix with displacements of 0.01 Å (allowing only H to move). Fe atoms are kept fixed. The zero-point energy (ZPE) is obtained by summing up the zero-point vibrational energies of the H's normal modes, i.e., ZPE= 1 2 ͚ h, where is a real normal mode frequency.
III. RESULTS AND DISCUSSION

A. Hydrogen adsorption on Fe(110) and Fe(100)
In our earlier work, 5 we examined hydrogen adsorption on Fe(110), finding that H prefers the quasithreefold site on Fe(110) at all coverages ͑0.25-1.0 ML͒. The DFT-GGA(PBE) adsorption energy of H on Fe(110) [as defined by Eq. (1)] was predicted to be −0.71 eV/ atom, over the range examined. Here we compare our findings for H atom adsorption on Fe(100) with earlier theoretical and experimental results, as well as to the H / Fe͑110͒ results. Table I displays the adsorption energy and the H-surface distance at H = 0.11, 0.25, and 1 ML (the unit for the coverage ML is defined in Table I ), after the structure of the H / Fe͑100͒ slab is relaxed. For all coverages examined, the fourfold hollow site is found to be the lowest in energy, in agreement with what available experimental results suggested 7 and with early Hartree-Fock cluster predictions by Walch. 8 The on-top site is predicted to be endothermic with respect to gaseous H 2 and a clean Fe surface. By calculating the frequency spectrum for the H adatom on a Fe(100) surface fixed at the relaxed H / Fe͑100͒ geometry, we find that both the twofold bridge and the fourfold hollow sites are true minima, while the on-top site is a rank-2 saddle point with two imaginary frequencies.
Reducing the H coverage from 1 ML to 0.25 ML, the H adsorption energy changes only by 0.02 eV for the hollow site, but decreases significantly for the on-top and bridge sites. We can understand this trend by noting that hollow site H's have very small H-surface distances; any lateral repulsion is effectively screened by Fe atoms. By contrast, the other sites have much larger H-surface distances and lateral repulsions between H's are no longer screened by the substrate, leading to significant destabilization of the adsorbate at higher coverages. Further reducing the H coverage from 0.25 ML to 0.11 ML, the adsorption energy remains the same for the hollow site and changes by ϳ0.03 eV for the on-top and bridge sites. Since 0.03 eV is estimated to be the numerical error associated with our energetics, the adsorption properties of H / Fe͑100͒ may be considered to be unchanging below 0.25 ML and therefore we use it for the following subsurface studies. Our results at 0.25 ML are similar to those reported by Eder, Terakura, and Hafner [USPP-GGA(PW91)], 9 aside from their predicted near degeneracy between bridge and hollow site adsorption. The all-electron PAW method should be more accurate than the USPP method for transition metals, such as Fe, which may explain the better agreement between our results and the experimental indication that H occupies the hollow site. Compared with Fe(110), we found that H binds ϳ0.3 eV less strongly to Fe(100). Figure 1 displays the two types of interstices in the bcc lattice: tetrahedral (t) and octahedral (o). Using the experimental lattice parameter of bcc Fe ͑2.86 Å͒, the "radii" of the t-site and o-site are 0.36 Å and 0.19 Å, respectively. H has a covalent radius of 0.37 Å, so we would expect it will fit better in the t-site. Table II shows how the energy difference between o-site and t-site occupancy of H in bcc Fe converges with the supercell size, i.e., as the concentration of H becomes lower. We allow both cell shape and atomic positions to relax. The Fe 2 H cell may be considered a supersaturated solution of H in Fe, or as an iron hydride. Both the unrelaxed and relaxed energy differences converge to within 10 meV at the Fe 16 supercell. For the four supercells (i.e., concentrations) we explored, Table II clearly shows that the t-site is always more stable, both for the unrelaxed and relaxed structures. Although the o-site occupancy gains more stabilization from lattice distortion than the t-site does, it still remains 0.13 eV higher in energy at all reasonable concentrations. When we examine the details of the relaxation for Fe 16 H, we find that the cell remains the same shape and only the first coordination shell (four Fe atoms) around H moves outward by 0.06 Å when H is present in the t-site. This demonstrates that H fits well in the t-site. When H is put in the o-site, we find that both the cell shape and the first coordination shell around H undergo a tetragonal distortion. The cell c/a ratio changes to 1.033 from 1.000, while the two closest (axial) Fe atoms in the first coordination shell move outward by 0.17 Å and the four-less-close Fe atoms (equatorial) move inward by 0.03 Å. This distortion also propagates to the second and third coordination shells. Therefore, H in the o-site experiences a greater structural distortion than H in the t-site does, which agrees with the above analysis of site sizes. This required distortion is likely why the o-site is less stable than the t-site. In order to see if any electronic factors contribute to relative site stability, we examined the charge density difference for both t-site and o-site occupancies of the unrelaxed Fe 16 H cell (the minimum cell size where properties are converged) and found charge transfer from Fe to H. Regions of large charge depletion around Fe atoms are rather localized and limited to the first coordination shell of H. By integrating the charge density difference around H atom with a cutoff radius of 0.8 Å (which we find gives the largest amount charge transfer), ϳ0.12 e and ϳ0.11 e are predicted to transfer from Fe to H for the o-site and t-site, respectively. Thus a difference in the amount of charge transfer is not the reason for the site preference. The amount of charge transfer we find agrees with Gong, Zeng, and Zheng's X␣ results, 19 but is significantly lower than Juan and Hoffmann's EH results. 18 Of the two previous studies, X␣ in general could be considered superior to EH (which is basically tight-binding). Philipp et al. 13 found a correlation between the crystal electrostatic potential and the occupation of interstitial sites by H in bulk metals. They found that the t-site preference of H in bcc V, Nb, and Ta, and the o-site preference of H in fcc Pd could be correlated qualitatively with pure bulk metal's protonic electrostatic potential (i.e., the potential seen by a proton), which had its lowest value at the respective sites. However, since we find the H in bulk Fe to be neutral to slightly hydridic, we do not think such an analysis is relevant here. Table III shows how the dissolution energy (essentially the heat of solution) of hydrogen in an Fe lattice converges with the supercell size, i.e., how it varies with concentration. The lowering in energy by relaxation is not large, only ϳ0.10 eV for cells larger than Fe 16 , indicating again that H fits well in the t-site. The still-positive dissolution energy after relaxation demonstrates that the dissolution of hydrogen in bcc Fe is endothermic, consistent with the low solubility of H in bcc Fe. As the concentration of H decreases, the dissolution energies for both the relaxed and unrelaxed structures first decrease, reaching a minimum at Fe 16 H, and then increase slightly. This increase after Fe 16 H is about the same magnitude as the numerical error in our calculations, which is estimated to be ϳ0.02 eV, so we do not consider this "minimum" in ⌬E to be numerically significant. The dissolution energies for relaxed structures vary only slightly with H concentration (essentially converged at ϳ0.20 eV for Fe 54 H), which indicates that H-H repulsions are essentially non-existent. The volume expansion actually is very small (0.06%) for Fe128 after a H atom is inserted in the lattice. In order to compare with experiment, we evaluated the ZPE correction to the dissolution energy. Assuming the Fe atoms to have infinite mass (i.e., the Fe atoms are fixed at their equilibrium positions), the ZPE of H in the Fe 128 cell is estimated to be 0.234 eV/ atom. The ZPE of 1 ր 2 H 2 is 0.133 eV and therefore, the ZPE-corrected dissolution energy is calculated to be 0.301 eV/ atom, which agrees extremely well with experimental value 10 of 0.296 eV/ atom and previous USPP-DFT-GGA results by Miwa and Fukumoto. 20 After finding the site preferences for H on Fe(100) and Fe(110) and in bulk Fe, we determined the relative stabilities of sites for H just below the surface and the barriers to accessing those sites from the surface. Since the number of the nearest-neighbor Fe atoms is the same for H in subsurface sites as for H in bulk Fe, it is not particularly surprising that H prefers the t-site to the o-site in the subsurface region, just as in the bulk. However, as we will see, the relative equilibrium positions of H atoms in the subsurface regions differ substantially from that in bulk Fe, as does the magnitude of the energy difference between the o-site and the t-site.
B. H in bcc Fe: Site preference and dissolution energy
Two types of t-sites exist between the surface-and subsurface-layer Fe atoms of Fe(110). The first type consists of three Fe atoms from the surface layer and one from the subsurface layer, while the second type includes one Fe atom from the surface layer and three from the subsurface layer. The first type is closer to the surface than the second type. We found that the H atom spontaneously moves up to the surface threefold site after it is initially placed in the first type of t-site, indicating that there is no local minimum for that type of t-site. However, the second type of t-site is a local minimum for H. There is only one type of o-site in the subsurface region of Fe(110). Its energy is only ϳ0.02 eV higher than the t-site. This energy difference is smaller than in bulk Fe ͑ϳ0.13 eV͒. The reason may be that the distortion caused by the o-site occupancy of H in the Fe(110) subsurface is reduced because three Fe atoms of the first coordination shell of H are in the surface layer. For Fe(100), there is only one type of t-site, and it is a local minimum for H. The o-site closest to the Fe(100) surface exists within the subsurface Fe layer; its energy is ϳ0.50 eV higher than the t-site. Figure 2 displays the structures of the two subsurface t-sites for Fe(110) and Fe(100), which are local minima, and Table IV contains the structural parameters for the two sites. We predict that H is buried deeply in the subsurface of Fe(110), with the surface Fe atom coordinated to H being pushed toward vacuum by 0.16 Å. The subsurface site of H in Fe(100) is only slightly below the surface layer, with the two surface Fe atoms coordinated to H pushed apart laterally by 0.21 Å. Now that we have established site preferences for H on Fe(110) and Fe(100) and in their respective subsurface regions, we now characterize the diffusion path that H may follow to go from surface to subsurface. First, we sketch the energy landscape for H in the bulk, surface, and subsurface in Fig. 3 , with the energy of a thick slab of Fe plus one half of an isolated H 2 molecule set as zero. We can see that H adsorption on Fe(110) is 0.71 eV exothermic, while H absorption in the subsurface of Fe (110) is 0.29 eV endothermic. H adsorption on Fe(100) is 0.38 eV exothermic, and H absorption in the subsurface of Fe(100) is 0.04 eV exothermic. Figures 4(a) and 4(b) show how H can diffuse into Fe(110) and Fe(100) subsurfaces, respectively. H has to overcome a barrier of 1.02 eV on Fe(110) and 0.38 eV on Fe(100) to diffuse into the subsurface, due to the significant endothermicity (1.00 and 0.34 eV) encountered in each case. This demonstrates that it is much easier for H to diffuse into the subsurface of Fe(100) than that of Fe(110), probably due to the lower packing density of the Fe(100) surface. The reverse process, i.e., surfacing of H from the subsurface, has a barrier of 0.02 eV for Fe(110) and 0.04 eV for Fe(100), indicating the ease with which H can move from subsurface to surface regardless of surface orientation.
After H goes into the subsurface, H can penetrate deeper and reach a bulk environment. Figure 3 shows that it is downhill by ϳ0.10 eV for H to go from the Fe(110) subsurface into the bulk, while it is uphill by ϳ0.24 eV for Fe(100). As we shall see in the next section, the intrinsic (110) and Fe(100). Zero-point energies are excluded. The energy of a thick slab of Fe (labeled here simply as Fe) with either (110) or (100) surfaces plus one-half of an isolated H 2 molecule is set as zero.
barrier for bulk H diffusion is Ͻ0.05 eV; therefore it is sufficient to approximate the barriers by the endothermicity between reaction steps. Therefore, the large initial barrier for H to go into the subsurface of Fe(110) inhibits H incorporation, while the two relatively small barriers ͑ϳ0.30 eV͒ allow H to be more easily incorporated via the (100) surface.
D. Hydrogen diffusion through FM bcc Fe
Given that H has already diffused into bulk Fe from the surface, we now investigate various possible diffusion paths in bulk Fe that H may follow, using a Fe 128 supercell. We first considered a direct hopping path between two neighboring t-sites. Referring to Fig. 5(a) moving, e.g., from t-site 1 to t-site 2 or 4. Starting from a linear interpolation guess for the MEP, stretching from initial to final t-sites, Fig. 5(b) shows the energy profile for the converged MEP. We find a diffusion barrier of 0.088 eV. Using harmonic transition-state theory 44 in the classical limit and the random-walk model of interstitial diffusion in a bcc lattice, 45 D 0 in the Arrhenius expression for the temperaturedependence of the diffusion constant
Here, n is a geometrical factor for the number of equivalent jump paths (4 for H in the t-site), a is the jump length, and j and j † are the real normal mode frequencies at the initial state and the transition state, respectively. Our calculations predict
The diffusion coefficients of H in Fe from numerous measurements show a large scatter, since H is easily trapped by impurities in Fe. Higher diffusion coefficients are obtained for purer and better recrystallized Fe samples. The resulting experimental diffusion barrier depends significantly on the purity of Fe used for the study. Around room temperature, quantum corrections to the diffusion barrier should be necessary to account for the discreteness of H vibrational modes in the metal lattice. This can be accomplished by using quantum partition functions in classical transition-state theory, as shown by Le Claire; 47 Ebisuzaki, Kass, and O'Keefe; 48 and Katz, Gvinan, and Borg. 49 The modified classical theory of overbarrier jumps by Katz, Gvinan, and Borg has been shown to give a plausible description of H diffusion in bcc metals above 250 K (Ref. 50), so we use their approach here. One assumption they make is that the lattice vibrations are decoupled from the localized H vibrational modes. We think this assumption is reasonable for H diffusion in bcc Fe due to the much larger mass of Fe than that of H. The way we obtain H vibrational frequencies is actually based on this assumption, i.e., we only allow H to move when the finite-difference frequencies are calculated. Kehr 50 simplified the equation from Katz, Gvinan, and Borg based on another assumption that the lattice vibrations are the same in the minimum energy and saddle-point configurations. For bcc metals at room temperature, the limit of h H ӷ k B T usually applies, where H is the frequency of the localized H vibrational modes. We find for bcc Fe that h H ranges from 0.12 eV to 0.24 eV, which is indeed much greater than k B T at room temperature ͑ ϳ0.025 eV͒. According to Kehr, 50 in the limit of h H ӷ k B T, the diffusion coefficient can be expressed as
Here ⌬E is the energy difference between the saddle point and minimum energy configuration on the potential energy surface (0.088 eV in our case), while ⌬ZPE is the difference in zero-point energies. Figure 5 (b) also shows the local structures along the MEP for H moving from t-site 1 to t-site 2. The local structure of the transition state shows that H is at the center of the triangle comprised of Fe3, Fe5, and Fe6 [ Fig. 5(c)] . To see whether H moves linearly from t-site 1 to t-site 2, we plot the coordinates (x and y) for all the images in Fig. 5(d) . One can see that the path is not linear, but curved toward the o-site in the center [the path is schematically shown in a curved line in Fig. 5(a) ].
We also explored another diffusion path in which H moves from t-site 1 to t-site 3 via the o-site in the middle [ Fig. 5(a) ]. We find that the path is linear, the o-site is a saddle point, and the diffusion barrier is 0.12 eV, which is just the energy difference between o-site and t-site shown in Table II . Analysis of the Hessian (energy second derivative) matrix shows that the o-site is actually a rank-2 saddle point, so it is not a true transition state. Walch also found that the o-site is actually a local maximum for H in his Hartree-Fock cluster study. 8 We note that the t-o-t diffusion path has been proposed to contribute to the increase of the diffusion barrier at higher temperatures by some experimentalists. 51 Quantum diffusion can be the dominant mechanism for H diffusion in metals at low temperatures. 52, 53 Several quantum theories of light atom interstitial diffusion in metals have been developed, such as the small polaron theory 54, 55 and phonon-assisted tunneling theory 56 to understand H diffusion in metals at low temperatures. However, the crossover between the classical and quantum regimes of hydrogen diffusion in bulk metals is not as straightforwardly obtained as that for H diffusion on metal surface. [57] [58] [59] Quantum-diffusion theories have been applied mainly to H diffusion in metals, such as V, Nb, and Ta, where low-temperature ͑Ͻ10 K͒ data are available. 52 However, such data are lacking for Fe, partly due to the extremely low H solubility in bcc Fe at low temperatures.
Our results indicate that H has a high mobility in bulk bcc Fe while it prefers to stay on the surface instead of the bulk. Therefore, defect-free Fe will not effectively retain H in the bulk to affect its mechanical properties. Trapping sites become important here. One type of trapping site is a vacancy, which can retain H atoms. Recently, Tateyama and Ohno 60 studied H-vacancy complexes in bcc Fe with periodic DFT-GGA. In agreement with our work, they found that H resides in the t-site of bcc Fe with a ϳ0.30 eV heat of solution. Moreover, they found that the monovacancy-H 2 ͑VH 2 ͒ configuration is the most favorable among all the VH x (x from 1 to 6) complexes, instead of VH 6 as conventionally accepted. Interestingly, this VH 2 configuration can be related to our investigation of H on Fe(100). Suppose the monovacancy is at the body center of the bcc cubic unit cell (see Fig. 1 ). H atoms will reside in between the body center and the face center for VH x . If we think of this monovacancy as an inner surface, H atoms actually reside at hollow sites of the inner surface, which resembles Fe(100). The VH 2 state has a formation energy of ϳ0.30 eV/ H exothermic, which is actually very close to the adsorption of the H atom in the hollow site of Fe(100) ( Table I ). So our work provides a sound basis for the results found by Tateyama and Ohno regarding H-vacancy complexes in bcc Fe.
IV. SUMMARY AND CONCLUSIONS
We performed all-electron periodic DFT-GGA calculations of the adsorption of H on Fe(100), the absorption of H into Fe(100) and Fe(110) subsurfaces, and the dissolution energetics of H in ferromagnetic (FM) bcc Fe. We also studied the diffusion of H into bulk Fe from Fe(110) and Fe(100) and the diffusion of H in bulk Fe. We find that H prefers the threefold site on Fe(110) and the fourfold hollow site on Fe(100). For H in bulk Fe, we show that H prefers to stay in the t-site; the o-site may be destabilized because of the large expansion of the lattice required in order to accommodate the H atom. The dissolution energy of H in the t-site changes only slightly with H concentration, indicating a lack of significant H-H interactions in bulk Fe. The dissolution energy of H in the t-site is calculated to be 0.30 eV/ atom endothermic, which agrees very well with experiment and an earlier DFT-GGA prediction. Slight charge transfer of ϳ0.10 e from Fe to H is found for both the o-site and the t-site. For H in Fe(110) and Fe(100) subsurfaces, we find that H stays at a t-site ϳ1.46 Å below the surface Fe(110) layer, but only ϳ0.35 Å below the surface Fe(100) layer. Diffusion to subsurface layers is endothermic in both cases, with barriers of 1.02 eV for Fe(110) and 0.38 eV for Fe(100). Thus, it is much easier for H to diffuse into bulk Fe from the (100) surface than from the (110) surface. The reverse process of H diffusion from Fe(110) and Fe(100) subsurfaces back to the surface has only a very small barrier ϳ0.03 eV. For a very dilute concentration of H (a Fe 128 supercell), the minimum energy path (MEP) of bulk H diffusion shows a barrier of 0.088 eV, in agreement with experimental values that show a rather large uncertainty ͑0.035-0.14 eV͒, caused by the large scatter in the measured diffusion coefficients. Taking into account the quantum discreteness of localized H vibrations, we obtain a zero-point-energy-corrected barrier of 0.042 eV with a preexponential factor of ϳ4 ϫ 10 −8 m 2 s −1 , in good agreement with room temperature measurements. We find that H does not utilize a straight-line trajectory, but rather hops from one t-site to a nearby t-site by a curved path distorted toward the o-site. We also find that diffusion via the o-site has a higher barrier and involves a rank-2 saddle point, suggesting that diffusion will not occur through the o-site.
Our study offers the following general conclusions: (i) H prefers to stay on Fe surfaces instead of bulk; (ii) Fe is a poor endothermic absorber of hydrogen because of the smallness of the interstices in Fe; (iii) the diffusion of H into Fe subsurfaces is much more difficult than the reverse process; (iv) the diffusion of H into Fe subsurfaces has a much lower barrier on Fe(100) than Fe(110); (v) the mobility of H in pure bcc Fe is very high due to the low diffusion barrier; (vi) the all-electron DFT-GGA approach yields adsorption, dissolution, and diffusion energetics that agree quite well with experiment, while providing a clear picture of the diffusion pathway and the reasons behind hydrogen's low solubility in Fe.
Because of the importance of understanding H embrittlement of steel, H in Fe has been the subject of intense study. The uniqueness of the H / Fe system lies in the very small lattice parameter of bcc Fe, namely, the small interstitial space yet close nearest-neighbor interstitial distance, which leads to low H solubility but high mobility. As a result, H will quickly migrate to surfaces or reach trapping sites, which could be crack tips, vacancies, grain boundaries, or alloying elements. In this case, even small concentrations of H can act as a strong embrittler because the local concentrations at crystalline defects could be high. These ideas of how H is able to embrittle Fe may be relevant to hydrogen embrittlement of transition metals from groups 6 and 8-11 (except Pd) in the periodic table. These transition metals have relatively small lattice parameters compared with other transition metals of the same structure, and they all show a positive enthalpy of solution. 52 However, our general conclusions regarding H / Fe energetics may not be relevant for transition metals in groups 3-5 or lanthanides, which tend to have large lattice parameters, high H solubility, and form hydrides at ambient conditions.
